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Hot water supplies account for approximately 30% of energy consumption in residential sectors of Japan; it is 
therefore important that the energy efficiency of water heaters be improved. Absorption heat pump water heaters are 
expected to provide greater efficiency than conventional water heaters that use gas. However, the absorption systems 
have larger volumes and are not widely accepted in the market. In this paper, we propose the use of adiabatic 
absorbers to replace conventional shell-and-tube or plate-fin-type absorbers to downsize absorption heat pump water 
heaters that use H2O/NH3. The adiabatic absorption system consists of two components: sub-cooler and adiabatic 
absorber. For the proposed absorption system, the solution from the generator first flows through the sub-cooler and 
is sub-cooled by tap water, and then flows into the adiabatic absorber to complete absorption. The absorption 
performance, as well as the volume of the adiabatic absorber, is important in order to obtain greater efficiency. In 
this study, three types of absorbers are proposed: atomizing nozzle, spreading tray, and packed-column absorbers. 
These three types of absorption system are modeled and their absorption performances are analyzed.  
In modeling the atomizing-nozzle-type absorber, the breakup position of liquid film and the diameter of generated 
droplets are discussed on the basis of the instability theory of liquid film. In analytically modeling the spreading-
tray-type absorber, the breakup length of the liquid column and generated droplet diameter are discussed. In the case 
of the packed-column-type absorber, the effective interfacial area of dumped packing is discussed. From the 





The adoption of absorption heat pumps in water heaters is expected to lead to more-efficient gas water heaters 
compared to conventional heaters (Kitajima et al., 2008). However, while the hot water demand in small buildings 
such as detached houses or retail stores tends to be large, conventional absorption heat pump systems designed for 
factories are too large to be adopted in such applications, and the development of small absorption systems is 
necessary. 
In this study, a H2O/NH3-type absorption heat pump is selected for use as a water heater because its refrigerant does 
not freeze, and it can therefore be used at low temperature. Special attention is paid to the downsizing of the 
absorber, which is normally the largest component. A conventional shell-and-tube or plate-fin-type absorber usually 
has a large piping unit for cooling water and occupies a large volume (Goto et al., 2002). For the absorption heat 
pump water heater to be more widely accepted in the market, it is necessary to downsize the volume of the system, 
particularly the absorber. Therefore, we propose using an adiabatic absorber to replace a conventional absorber 
(Dang et al., 2004). The adiabatic absorption system consists of two components: a sub-cooler and an adiabatic 
absorber. Figure 1 shows a schematic diagram of the absorption heat pump water heating system. The solution from 
the generator first flows through the sub-cooler and is sub-cooled by tap water, and then flows into the adiabatic 
absorber to complete the absorption process. 
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In this study, three types of adiabatic absorbers are proposed: an atomizing nozzle, a spreading tray, and a packed-
column absorber. Schematic diagrams of these three types of absorbers are shown in figure 2. For the atomizing-
spray-type absorber (figure 2(a)), the sub-cooled solution is injected by an atomizing nozzle and it spreads inside the 
absorber in hollow conical form. As an instability wave develops on the surface of the injected liquid film, the film 
may disintegrate into droplets when the thickness of the film reaches a critical value. In modeling this type of 
absorber, we discuss the breakup position of the liquid film and the diameter of generated droplets on the basis of 
the instability theory of liquid films, and the effect of some operating parameters on the generated droplet diameter 
is investigated. Finally, the size of the adiabatic absorber and the optimized nozzle used in this system are discussed 
in terms of absorption performance. 
For the spreading-tray-type absorber (figure 2(b)), the sub-cooled solution falls on the spreading tray, which has 
small pores. The solution free-falls from these pores as liquid columns and gradually extends downward with a 
reduced diameter. The sub-cooled liquid column breaks up into droplets when its diameter falls to a critical value. 
When the solution reaches the next tray, the temperature and concentration distributions inside the solution become 
uniform. While analytically modeling this type of absorber, we discuss the breakup length of the liquid column and 
the droplet diameter on the basis of instability theory as well as the practical absorber volume. 
For the packed-column-type absorber (figure 2(c)), the sub-cooled solution falls along the surface of dumped 
packing as a thin liquid film while absorbing the refrigerant vapor at the same time. In modeling this type of 
absorber, we discuss the effective interfacial area of the dumped packing, as well as the optimal design parameters 
such as the absorber volume, packed height, and type of packing. 
 
2. ATOMIZING-SPRAY ADIABATIC ABSORBER 
 
2.1 Analytical Model of the Atomization of the Solution 
When a liquid is injected from an atomizing nozzle into an absorber as a continuous liquid film, the competition 
established on the surface of the liquid film between the cohesive and disruptive forces gives rise to oscillations; 
when these oscillations are amplified, the liquid film disintegrates into drops (Lefebvre, 1989). Hagerty and Shea 
(1955) claimed that the oscillations of the film can be divided into symmetric (dilational) and asymmetric (sinuous) 
modes, and they showed through instability analysis that the degree of instability for the symmetrical disturbances is 
considerably less than that for the asymmetrical disturbances. Squire (1953) also performed instability analysis and 
indicated an instability criterion for the asymmetric wave and wave amplitude ratio at breakup point. Fraser et al. 
(1962) developed an idealized physical model of the liquid film disintegration, which could be used to estimate the 
radius of the generated droplets. This model assumes that the liquid film injected from a nozzle becomes unstable as 
asymmetrical mode and the most rapidly growing wave is detached at the leading edge in the form of a ribbon half a 
wave length wide, and this ribbon immediately contracts into a ligament of radius which subsequently disintegrates 
into drops of equal diameter. In Fraser et al.’s model, Squire’s theory is used for the transition from a liquid film to a 
ribbon, and Rayleigh’s analysis (1878) is applied to the breakup of the ligament.  









































     Figure 1: Absorption heat pump         Figure 2: Schematic diagrams of four types of adiabatic absorbers 
                 water heater  
 
 2543, Page 3 
 
International Refrigeration and Air Conditioning Conference at Purdue, July 16-19, 2012 













v         (1) 


























     
 (3) 
where the liquid film velocity U is assumed to be constant until the film disintegrates, k0 is the product of liquid film 
thickness and length showing mass conservation, and E is the dimensionless wave amplitude ratio and is an 
empirically derived constant (=12 (Weber, 1931)). By using equations (1) to (3), the diameter of the generated 
droplets injected from a swirl nozzle can be expressed as a function of the critical Weber number. Here, the critical 
Weber number, whose representative length is half the liquid film thickness immediately before disintegration, is 
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Equations (5) and (7) show the effect of each parameter on the droplet diameter. A smaller k0 or a larger critical 
Weber number leads to a smaller droplet. That is to say, a small mass discharge ratio, a wide spray angle, and a large 
pressure difference between the nozzle inlet and outlet are preferable. Here, the physical properties, such as surface 
tension and density, are not considered as parameters, because their effects on the operating conditions being 
analyzed are negligible. 
Table 1: Operating conditions 
 
summer intermediate winter1 winter2
Heating capacity of heat pump system [kW]
Sub-cooler Concentration 50.0 49.4 48.9 48.8 [%]
Sol. temp.at inlet 38.0 52.5 50.6 50.3 [oC]
Sol. temp.at outlet 29.0 22.0 14.0 10.0 [oC]
Sub-cooling degree 25.3 30.5 36.6 40.3 [oC]
Adiabatic Pressure difference 2.45 2.67 2.84 2.98 [MPa]
absorber Mass discharge ratio 118 100 84.9 78.7 [kg/h]
Sol. conc. at outlet 53.4 53.4 53.4 53.4 [%]
Sol. temp. at outlet 52.4 42.0 31.7 20.2 [oC]
Ref. vapor temp. 20.0 11.0 2.0 -8.0 [oC]




Table 2: Input conditions for nozzle specifications 
 
Diameter of nozzle outlet [mm]
Spray angle [o]
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Using this model, we need to estimate an appropriate k0 value and the number of nozzles for the assumed operating 
conditions. These operating conditions are determined from the result of cycle simulation on the proposed system 
with a heating capacity of 6.0 kW in which water is heated from tap water temperature to a hot water temperature of 
65°C under four seasonal conditions: summer, intermediate season, winter1, and winter2 (very cold weather). The 
operating and input conditions used in the calculation are listed in tables 1 and 2. Water and ammonia are adopted as 
absorbent and refrigerant, respectively, and the physical properties are taken from the study by Ziegler and Trepp 
(1984). 
The results are shown in figure 3. In the left-hand panel, the mass discharge ratio at each seasonal condition listed in 
table 1 is obtained by adopting two nozzles with k0 = 5 × 10−8 m2, or one nozzle with k0 = 10.0 × 10−8 m2. Because 
the result of the cycle simulation showed that the pressure difference is the smallest for the summer condition and 
the largest for the winter2 condition, which is opposite to the nozzle property, mass flow control by reducing the 
valve opening is needed to control the pressure from 2.67 MPa to 1.70 MPa, 2.84 MPa to 1.25 MPa, and 2.98 MPa 
to 1.00 MPa at intermediate, winter1, and winter2 conditions, respectively. In the right-hand panel, the nozzles with 
a k0 value of 10.0 × 10−8 m2 or 5.0 × 10−8 m2 is expected to give small droplets with a diameter of approximately 
36 μm or 30 μm, respectively, under the summer condition and with a diameter of approximately 50 μm or 40 μm, 
respectively, under the winter2 condition. 
To downsize the adiabatic absorber, as few nozzles as possible should be employed. However, the use of some small 
k0 nozzles is considered appropriate as long as the adoption of a few large k0 nozzles causes an increase in the mass 
discharge ratio or discharge velocity, which leads to an increase in the required falling distance for the solution to 
absorb sufficient refrigerant. In the next section, we verify how the difference in atomization performance between 
the two k0 values 5 × 10−8 m2 and 10.0 × 10−8 m2 affects the volume of an adiabatic absorber in terms of absorption 
performance. 
 
2.2 Absorption Performance and Estimated Size of the Atomizing-Spray Adiabatic Absorber 
In this section, we attempt to obtain an optimal estimated value by analyzing absorption performances with the two 
nozzles selected in section 2.1. In calculating the absorption performance of an injected solution from a swirl nozzle 
alongside Fraser’s disintegration model, the entire absorption process can be divided into two regions—a liquid film 
absorption region and a droplet absorption region—allowing the evaluation of the absorption performances at these 
two regions. As for the model in the liquid film absorption region, half the thickness of a fin-shaped plate cut from a 
conical hollow cone is considered, as shown in figure 4. The following governing equations comprise the unsteady 
heat conduction equation and mass diffusion equation.  
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It is assumed that the solution is in a saturated state at the liquid film or droplet surface, the center of the liquid film 




































































  Figure 3: Discharge characteristics of each spray nozzle           Figure 4: Analytical model of liquid film  
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and 2. The physical properties are partly taken from the study by Ziegler and Trepp (1984), from the report by Inoue 
et al. (2002) and from the results of a study by Monde et al. (2004). The change in form of an injected solution is 
determined according to Fraser’s disintegration model, the temperature and concentration distributions inside the 
droplets immediately after breakup are assumed to be uniform, and the values are assumed to be the average 
temperature and concentration of the liquid film before breakup. The velocity in the liquid film absorption region is 
assumed to be constant, but the falling velocity of generated fine droplets is considered to be reduced by the drag 
force to eventually reach terminal velocity. The absorption ratio that reflects the degree of absorption is defined as 









         (10) 
Figure 5 shows the relationship between the absorption ratio and the falling distance from the nozzle outlet. Since 
most of the region comes under the droplet absorption region, the absorption performance in the droplet absorption 
region contributes to most of the overall absorber performance, and it is therefore important to obtain finer droplets 
in order to shorten the required falling distance. As the operating condition changes from summer to winter, greater 
decompression is required to operate this system. This leads to a decrease in injection velocity and an increase in the 
diameter of generated droplets, and hence, more time and a longer falling distance are required for sufficient 
absorption at winter2 condition compared to the solution under a summer condition. However, the required falling 
distances for 95% absorption in the case of the k0 values 10.0 × 10−8 m2 and 5.0 × 10−8 m2 are 38.2 mm and 27.4 mm, 
respectively, in summer seasonal operation and 57.1 mm and 41.1 mm, respectively, in winter2 operation. This 
result implies that the required falling distance is expected to be very short regardless of the type of nozzle or 
seasonal condition, and the difference between the seasonal conditions or between two nozzles is negligibly small in 
designing the adiabatic absorber. 
To conclude this section, the effect of the k0 value, i.e., the mass discharge ratio, on the required falling distance, is 
investigated. The analysis conditions are listed in tables 1 and 2. It is found that the difference between the seasonal 
operating conditions has an insignificant influence on the result, as shown in figure 6. As expressed in equations (2) 
and (3), even if the mass discharge ratio doubles, the droplet diameter increases by only 21/3 times, and the required 
falling distance increases by only approximately 1.4 times. Consequently, one nozzle with k0 = 10.0 × 10−8 m2 
outperforms two nozzles with k0 = 5 × 10−8 m2, and thus should be adopted. 
In adopting the nozzle with k0 = 10.0 × 10−8 m2, the adiabatic absorber height is assumed to be 100 mm, which is 
sufficient for absorption under various working conditions. As the required falling distance is assumed to be a 
suitable radius of the adiabatic absorber, a diameter of the adiabatic absorber is 120 mm. Therefore, the estimated 
volume of the adiabatic absorber is approximately 1.1 × 10−3 m3, which is relatively compact compared to a 
conventional absorber.  
 
3. SPREADING-TRAY ADIABATIC ABSORBER 
 
3.1 Analytical Model of the Spreading-Tray Adiabatic Absorber 
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       Figure 5: Relationship between the absorption ratio           Figure 6: Effect of mass discharge ratio and  
                        and falling distance                                                               droplet diameter on falling distance 
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A spreading-tray-type adiabatic absorber has several spreading trays with small pores. The sub-cooled solution 
drops as the liquid columns from these pores into the absorber. While absorbing refrigerant vapor, the solution 
accelerates because of gravity and the liquid column reduces in diameter. When the liquid column diameter reaches 
a critical value, the liquid column breaks up into droplets. When the solution reaches the next tray, the temperature 
and concentration distributions inside the solution become uniform. The process of disintegration of the liquid 
columns is modeled in this section of the paper. Numerous investigations have been conducted into the breakup of 
liquid jets and liquid columns. Here, a new empirically adjusted model of the disintegration of free-falling liquid 












       (11) 
where the representative length of these non-dimensional numbers is the pore diameter. To obtain a suitable model, 
the breakup lengths of liquid columns free-fallen under the conditions listed in table 3 are measured using a high-
speed camera, and the correlative coefficients are determined by multiple regression analysis. The experimental 
apparatus for the determination of breakup length is shown in figure 7, and figure 8 provides a comparison of 












       (12) 
Now the adjusted critical Weber and Reynolds numbers, whose representative length is the pore diameter, and 
representative velocity is changed from the critical velocity to the difference between the critical velocity and the 











 0**20** Re,We     (13) 
By using equation (12), the critical falling velocity and the breakup length of the liquid column are obtained. In 





D         (14) 
 
Table 3: Experimental conditions for measuring the breakup position of a liquid column 
 
Subject liquid   propylene glycol solution
Solution concentration   0,  25.3,  31.5 [wt%]
Solution depth   10 ～ 40 [mm]
Pore diameter   1 ～ 4 [mm]  













































































] concentration of propylene glycol solution =31.5 wt%
 
Figure 7: Schematic diagram of                                    Figure 8: Difference between experimental and 
                 an experimental apparatus for measuring                      calculated (in the case of PG conc.=31.5 wt%) 
                 the breakup position of liquid column                           breakup lengths 
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Maintaining a long breakup length for the liquid column is important to obtain high absorption performance, 
because the liquid column extends downward with a decrease in diameter and disintegrates into small droplets. 
 
3.2 Absorption Performance and Estimated Size of the Spreading-Tray Adiabatic Absorber 
Similar to the atomizing-spray-type absorber, the absorption process of the free-falling solution inside the spreading-
tray-type absorber can also be divided into a liquid column absorption region and a droplet absorption region, and 
the absorption performances in those two regions are calculated. The governing equations are the unsteady heat 
conduction equation and mass diffusion equation. 























TC llPl  ,
    
 (15) 
The equation for the droplet absorption region and the equation describing the absorption ratio are the same as 
equations (9) and (10), respectively. The analysis conditions are listed in tables 1 and 4, and the results at the 
summer seasonal condition are shown in figures 9 and 10. As mentioned in section 1, when the liquid column free- 
falls, it accelerates because of gravity, which leads to a decrease in diameter and an disintegration into small droplets 
with the diameter expressed in equation (14). Therefore, it is important for high absorption performance to maintain 
a long liquid column. However, as shown in figures 9 and 10, the breakup lengths in all conditions are too short to 
obtain sufficient absorption amounts in the liquid column absorption region. This leads to a very large absorber 
height of more than 1500 mm, which is significantly larger than that of the spray-type absorber. 
As expressed in equation (12), with low viscosity liquids such as ammonia solution, it is difficult to maintain a long 
breakup length, resulting in a large droplet diameter. Furthermore, regardless of the number of trays, the absorption 
performance increases only slightly, because the breakup length is short and the droplet diameter is large. Therefore, 
the spreading-tray-type adiabatic absorber is not adequate for this system.  
 
            Table 4: Input conditions for spreading-tray specifications 
 
       
Pore diameter 　1 ～ 2 [mm]
Solution depth 　5 ～ 15 [mm]
Tray depth   20 [mm]
Tray diameter 　values satisfying above [mm]






















































































































Figure 9: Relationship between number of pores and       Figure 10: Relationship between absorber height and 
                (upper): diameter of generated droplets;                               (upper): absorption ratio; 
                (middle): breakup length of a liquid column;                       (lower): absorber volume; 
                (lower): tray diameter                                                           (left): tray diameter = 28 mm; 







 2543, Page 8 
 
International Refrigeration and Air Conditioning Conference at Purdue, July 16-19, 2012 
  
 
4. PACKED-COLUMN ADIABATIC ABSORBER 
 
4.1 Analytical Model of the Packed-Column Adiabatic Absorber 
The inner space of a packed-column-type absorber is filled with many small dumped packings. A sub-cooled 
solution falls along the surface of these dumped packings as thin liquid film while absorbing the refrigerant vapor. A 
packed-column-type absorber is thought to be superior to the other two types of absorbers in the residence space and 
time of a liquid film and the number of times a solution is stirred, because the liquid film falls along the surface of 
the packings and thus the falling velocity is small. Furthermore, the solution is stirred every time it reaches the edge 
of a packing and falls onto the next packing. However, when the wettability between the solution and packings is 
low, the effective interfacial area decreases and the liquid film thickens, which leads to a decrease in the absorption 
performance and an increase in the packed volume. In modeling the packed-column-type absorber, it is important to 
estimate the effective interfacial area of dumped packings.  
Many studies describe the wettability of dumped packings. Herein, the empirically derived equation by Onda et al. 




















      (16) 
Here, the Weber number, Reynolds number, and Froude number, whose representative length is the inverse of the 















      (17) 
 
As there are various types of dumped packings with complex shapes, these are treated as an arranged unit of simple 
equivalent hollow cylinders, as indicated by the following equation (Billet and Schultes, 1993) and figure 11. 
t
h a
lD  4          (18) 
To obtain a smaller hydraulic diameter, packings with a smaller void fraction and larger surface area are preferred. 
Here, it is assumed that all equivalent cylinders have the same wettability. Liquid film thickness is obtained to 
calculate the velocity distribution of liquid film derived from the equation of motion. 
 
4.2 Absorption Performance and Estimated Size of the Packed-Column Adiabatic Absorber 
The governing equations and the equation describing the absorption ratio are the same as equations (8) and (10), 
respectively. The analysis conditions are listed in table 1 and 5. Two out of up to hundred types of packings (Billet 
and Schultes, 1993), as shown in table 5, are selected—the Berl saddles and Dixon packings—because of their small 
hydraulic diameters of 2.67 mm and 1.23 mm, respectively. Every time the solution falls onto a subsequent packing, 
the solution is stirred and hence the temperature and concentration distributions in the solution become uniform as 
the average temperature and concentration values. 
Figure 12 shows the calculation result under the summer seasonal condition. In this figure, the absorption ratio 
increases with an increase in the absorber diameter. That is because the solution is assumed to be uniformly spread 
into a packed space, and the flowing solution per unit sectional area of the absorber decreases as the absorber 
diameter increases, and therefore the liquid film becomes thin. The results suggest little difference between the two 
types of packings, and when the absorber diameter is between 250 mm and 300 mm, the packed height and volume 
Table 5: Input conditions for specifications of assumed dumped packings and absorber column  
 
Name Berl saddles Dixon packings
Material ceramic stainless steel
Void fraction 0.60 0.924 [m3/m3]
Total surface area 899 3009 [m2/m3]
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are 10 mm and between 0.5 × 10−3 m3 and 0.7 × 10−3 m3, respectively. This result implies that the volume of the 
packed-column-type adiabatic absorber is expected to be almost the same as the volume of an atomizing-spray-type 
adiabatic absorber. 
However, as mentioned before, at the absorber inlet, the solution must be uniformly spread into a packed space, 
which is likely to be difficult to achieve. Moreover, the calculated liquid film thickness is approximately 0.2 mm, 
which is thought to be unrealistic when the surface tension is considered. Therefore, much work needs to be done to 
revise the modeling, assumption, or calculation methods before a reasonable comparison can be obtained. 
 
5. CONCLUSIONS AND FUTURE STUDIES 
 
In this study, in order to downsize a H2O/NH3 absorption heat pump water heater, three types of absorption systems 
are proposed: an atomizing nozzle, a spreading tray, and a packed column. In modeling the atomizing-spray-type 
absorber, the breakup position of liquid film and the diameter of generated droplets are discussed on the basis of the 
instability theory of liquid film, and the size of the adiabatic absorber and the most suitable nozzle are investigated 
in terms of absorption performance. In analytically modeling the spreading-tray-type absorber, the breakup length of 
the liquid column and generated droplet diameter are discussed on the basis of the instability theory and the 
likelihood that the absorption performance of this type of absorber is lower than the spray-type absorber. In 
modeling the packed-column-type absorber, the effective interfacial area of dumped packings is taken from the 
study by Onda et al. (1968) and the volume is estimated in terms of absorption performance. 
From the calculation results, it is found that the atomizing-spray-type absorber and the packed-column-type absorber 
can be highly compact with volumes of approximately 1.0 × 10−3 m3, while the spreading-tray-type absorber is not 
adequate for this system because of its large height of up to 1500 mm.  
However, in the analysis of the packed-column-type absorber, the obtained result appears unrealistic and is therefore 
doubtful, and the modeling, assumption, and calculation method thus need to be revised.  




aph effective interfacial unit area  (m2/m3)   
at total surface area   (m2/m3)   
CP isobaric specific heat  (J/kg.K)   
D diffusion coefficient   (m2/s)   
Dclm liquid column diameter  (m)   





(effective surface) dry surface


























































Figure 11: Analytical model of unit packed volume        Figure 12: Relationship between packed height and 
                                                                                                             (upper): absorption ratio; 
                                                                                                             (lower): absorber volume; 
                                                                                                             (left): Berl saddles (ceramic); 
                                                                                                             (right): Dixon packings (SUS) 
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Ddrp diameter of generated droplets  (m)  Greek letters 
Dpore pore diameter   (m)  ε void fraction in packing (m3/m3) 
Fr Froude number     λ heat conductivity  (W/m.K) 
E dimensionless wave amplitude ratio   μ viscosity   (Pa.s) 
h liquid film thickness   (m)  θ spray angle  (°) 
k0 characteristic value of spray nozzle (m2)  ρ density   (kg/m3) 
L liquid film (or liquid column) length (m)  σ critical surface tension (N/m) 
lτ length of flow path   (m)  σc critical surface tension 
Oh Ohnesorge number      for a packing material (N/m) 
ΔP pressure difference   (Pa)  Superscripts 
Q mass discharge rate   kg/h)  * critical (breakup) point 
r radius    (m)  Subscripts 
Rabs absorption ratio     0 initial condition 
Re Reynolds number     adj empirically adjusted 
T temperature   (°C)  i arbitrary condition 
t time    (s)  l liquid 
U liquid film velocity   (m/s)  sat saturated condition 
We Weber number     v vapor 
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